Introduction 1 2
In vitro studies of disease pathogenesis in the CNS are often conducted with cultures of 3 primary cells, but when the cells in question are neurons, in particular, human neurons, this 4 becomes problematic. Because most post-embryonic neurons do not divide, their usefulness in 5 primary culture is limited (1, 2). Transformed neuronal cell lines of both human and animal 6 origin have thus become a requisite tool in studies of neuronal dysfunction in the CNS. 7
Although transformed neurons in cell lines will divide, they are known to exhibit an arrested 8 state of cellular differentiation (3-7). Expression of the proto-oncogene N-myc is typically 9 elevated and resistance to apoptosis is increased, making the interpretation of experimental 10 results with these cells difficult when compared to their untransformed counterparts (6, (8) (9) (10) (11) . 11
Differentiation of transformed neurons in 2-D culture can be pursued by the addition of 12 biochemical agents such as phorbol myristate acetate (PMA), retinoic acid (RA), staurosporine 13 (ST) and brain-derived neurotrophic factor (BDNF) (12, 13) but it is not clear how closely these 14 conditions model the cell-cell interactions that drive differentiation in vivo. Phorbol esters, for 15 example, have been used to induce SY cells to differentiate toward a noradrenergic phenotype, 16 while treatment with RA effects a cholinergic phenotype (13). Incubation of SY cells with either 17 RA or PMA induces up-regulation of the anti-apoptotic proteins Bcl-2 and Bcl-x L , whereas 18 differentiation obtained with ST has been shown to notably diminish expression of these proteins 19 (12, 14, 15). In each case, changes in resistance to apoptosis follow changes in expression of the 20 markers. This is important because the Bcl-2 family proteins, including pro and anti-apoptotic 21 members such as Bax, Bak and Bcl-2, figure prominently in molecular pathways of programmed 22 cell death and may play a role in the degree of neuroblastoma cell tumorigenicity (16) (17) (18) (19) . 23
In addition to the limitations introduced by transformed cell lines, traditional monolayer or 2-1 D culture systems using flasks and multi-well dishes are often themselves inadequate to 2 realistically model in vivo conditions (7, (20) (21) (22) . Gravity induced sedimentation, non-3 homologous delivery of nutrients and a lack of cell-cell and cell-extra cellular matrix contacts are 4 all potential limitations of 2-D cell culture (4, 5, 22, 23) . Perhaps more importantly, 2-D cell 5 culture approaches are also known to alter gene expression, to hinder cellular differentiation and 6 the acquisition of polarity, and to prevent formation of the complex 3-D cellular architecture 7 commonly found in an intact tissue (5, 7, 22, 24-27). While matrigel, collagen, peptide and 8 synthetic nanofiber scaffolds are each being used and developed as more realistic procedures for 9 in vitro cell culture (5, 7, 21, 25), NASA engineered rotating wall vessels (RWV) are also being 10 employed to establish a fluid suspension culture that is capable of inducing biologically 11 meaningful 3-D growth in vitro (4, 23, 28, 29) . During culture in a RWV, individual cells 12 aggregate into 3-D tissue-like assemblies developing enhanced states of differentiation and cross 13 communication through cell-cell contacts. Gas exchange and nutrient delivery are optimized 14 under these conditions, (4, 22) and the cellular phenotypes, as compared to their 2-D cultured 15 counterparts, become functionally and morphologically similar to the parental tissues and organs 16 that they represent (7, 20, (29) (30) (31) (32) . 17 Our lab is interested in studying the pathogenesis of Lyme neuroborreliosis. This disease is 18 caused by infection with the spirochete Borrelia burgdorferi. We and others have argued that 19 the associated neurocognitive symptoms of this disease are precipitated by neuronal dysfunction 20 resulting from inflammatory effects elicited by the spirochete (33-35). The inherent limitations 21 of primary neuronal culture in vitro prompted us to incorporate transformed neurons into our 22 research design. As molecular and cellular changes that accompany the conversion of normal 23 cells into states of disease or malignancy are altered by 2-D growth (4, 28, 36), we wanted to 1 establish a 3-D model of in vitro neuronal culture, to assess whether this procedure would 2 attenuate the phenotypic differences that exist between transformed and untransformed neurons. 3
The SY cell line is an adrenergic "n" type clone of the "mixed cell" human neuroblastoma 4
line SK-N-SH and has been used extensively in standard 2-D cultures to study neuronal function, 5 growth, damage in response to insult, degeneration and differentiation (3, 13, 14, 37-39). By 6 culturing SY cells under gentle, low-shear conditions in a RWV, we have succeeded in obtaining 7 a cell line that expresses classic morphological and functional patterns of neuronal 8 differentiation. We believe that the enhanced state of differentiation and cell-cell crosstalk events 9 generated by culture in 3-D, bypasses the need for chemical treatment of the cells, and provides a 10 more normalized cellular response during experimental studies. (Fig.1 A) . Because the carrier beads used in our 3-D culture 5
were coated in collagen, we additionally cultured SY cells for 3 and for 4 wks in 2-D flasks 6 coated with collagen. We observed no detectable difference in the morphology, cell viability or 7 doubling rate of 2-D cells cultured on plastic as compared to collagen. Scanning electron 8 microscopy (SEM) revealed important differences in the morphology of SY cells cultured in 2-D 9 or in 3-D. Specifically, only the 3-D-cultured SY cells acquired a parental, tissue-like 10 conformation with dramatic increases in neurite extension, direction and number (Fig. 1 B) . 11
12

Decreased expression of N-myc and HuD 13
Human neuroblastoma cells are typically characterized by de-differentiation. They have re-14 entered S-phase of the cell cycle, and are highly resistant to apoptosis (9, 11). Amplified 15 expression of the proto-oncogene N-myc has been correlated with cellular de-differentiation and 16 increased resistance to apoptosis, and is believed to have a crucial role in maintenance of the 17 cells' malignant phenotype (6, 10, 40, 41). The RNA binding protein HuD functions in 18 stabilizing N-myc mRNA and may consequently enhance steady-state expression levels of this 19 oncogene (40) (41) (42) . Reduced expression of the HuD protein could therefore contribute, through 20 destabilization of N-myc, to an increase in cellular differentiation. 21
Western analysis confirmed a culture-dependent shift in protein expression of these markers, 22
with the decrease positively correlating to the length of time the cells had spent in 3-D culture 23 (Fig. 2 A) . Images obtained with confocal microscopy revealed a diminished level of N-myc and 1 HuD protein expression in SY cells cultured in 3-D as opposed to 2-D (Fig. 2 B) . 2 3 Apoptosis resistance is diminished in 3-D cultured SY and PC12 cells 4 Cells over-expressing the anti-apoptotic protein Bcl-2 or cells with depleted pro-apoptotic 5
Bax and Bak exhibit resistance to cell death as induced by mitochondrial dysfunction and ER 6 stress (18, 19, 43, 44) . Because increased resistance to apoptosis is one hallmark of a 7 transformed phenotype in many cancer cell lines, we were interested in exploring the effects of 8 3-D culture on the expression of key proteins in the apoptosis pathway. We found a decreased 9 expression of Bcl-2 coupled with increased Bax and Bak proteins in 3-D cultured SY cells as 10 compared to those cultured in standard 2-D conditions (Fig. 3 A) . While confocal imaging 11 clearly indicated increased Bak protein in 3-D cultured cells, western analysis was not sensitive 12 enough to detect its expression. 13
Our next consideration was to assess apoptosis functionally and to confirm that our findings 14
were not restricted to a single cell line. PC12 is a rat pheochromocytoma cell line that can be 15 occurring in stimulated versus control cells was found only in the 3-D(RWV) cells (Fig. 3 B) . removed to 2-D culture revealed a five-day experimental window during which reversion of the 20 culture-induced changes were minimal (Fig. 4) . 21 In an effort to expand and to further clarify our findings related to the states of differentiation 1 and morphology in 2-D and 3-D-cultivated SY cells, we employed microarray analysis to 2 observe the culture-induced effects on global gene expression. Because abnormalities in the 3 expression and activity of multiple genes often work in concert to affect a transformed cellular 4 phenotype, (51-54) Ingenuity Pathways Analysis (IPA) software was used to compare the 5 mRNA levels in 44,544 70-mer oligos corresponding to over 24,000 human genes. Cancer, cell 6 morphology and proliferation pathways were among those found to be the most altered (Fig. 5  7 A). The G1/S and G2/M cell cycle check points, as well as the p53 and neuregulin signaling 8 pathways were also significantly affected (Fig. 5 B) . to either return to G0 and re-differentiate, or they will die by apoptosis (67). Due to the decline in 1 doubling rate and the near 100 percent viability of our 3-D cultured SY cells, we believe that a 2 return to quiescence is occurring. Confirmation of the array results involved in this pathway was 3 obtained using QRT-PCR. Lending added support to our hypothesis, culture-induced variance in 4 several other prominent pathways leading to transformation and cancer, were also identified on 5 the array. 6
The use of microarray analysis to screen for the differential expression of SY cell genes 7 propagated in 2-D and 3-D culture conditions has been employed by other investigators (39, 72). 8
While focusing on differences in morphology and neurite outgrowth, Li et al, found more than 9 1700 of 14,564 genes to be differentially regulated in SY cells propagated on collagen matrices. 10
Based on the number of genes being modified, it is reasonable that phenotypic changes beyond 11 those of morphology and neurite extension are occurring. These results, like our own, indicate 12 that continued research in this area will be needed to fully characterize the culture induced Microarray experiments and analysis of data was performed according to previously 21 described protocols (75, 76). Further details are available in the Supplemental data section. 22
QRT-PCR 1
RNA was collected as for the microarray analysis. The QuantiFast SYBR Green RT-PCR kit 2 (Qiagen) was used for the QRT-PCR. All assays were performed as per manufacturer's 3 instruction with Qiagen QuantiTect primer pairs in a 96-well block ABI 7700 RT cycler. Table 1 Molecules associated with cell cycle G1/S checkpoint regulation in SY 2-D and 3-D cells above 50% change. Table 2 Differential 
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